A numerical simulation on confined impinging circular jet working with a mixture of water and Al 2 O 3 nanoparticles is investigated. The flow is turbulent and a constant heat flux is applied on the heated plate. A two-phase mixture model approach has been adopted. Different nozzle-to-plate distance, nanoparticle volume concentrations and Reynolds number have been considered to study the thermal performances of the system in terms of local, average and stagnation point Nusselt number. The local Nusselt number profiles show that the highest values within the stagnation point region, and the lowest at the end of the heated plate. It is observed that the average Nusselt number increases for increasing nanoparticle concentrations, moreover, the highest values are observed for H/D = 5, and a maximum increase of 10% is obtained at a concentration equal to 5%.
Introduction
Among the numerous approaches enhancing heat transfer rate, jet impingement is one of the most powerful cooling solutions for high heat flux removal by impinging fluid on a heater surface. Applications of impinging jets include drying of textiles and films, cooling of gas turbine, material processing and electronic cooling. Many studies considering jet impingements with liquids have been carried out due to their high heat transfer performances. Comparison between the cooling performances of water and air impingement reveals that the thermophysical properties of working fluid will greatly affect the cooling features.
In the existing investigations, the thermal conductivity of some traditional natural and organic working fluids such as water or ethylene glycol may not meet the requirement of high-heat-flux removal. To meet the needs of enhanced heat transfer, an innovative category of heat transfer fluid, nanofluid, has been proposed with development of nanomaterial technology. Nanofluid, a mixture of nanoparticles with average particle size smaller than 100nm suspended in base fluid such as water or ethylene glycol, has drawn much attention due to the potential for high rate of heat transfer with little penalty in pressure drop.
Impinging jets with or without confinement have been widely investigated over the past several decades. Confinement has significant effects on the flow field of the jet, as well as on the heat transfer rates and distribution.
The existence of the secondary peak of local Nusselt number was found, which is believed to be due to the laminar-turbulent transition of the flow. In recent years, many researchers have carried out numerical investigations of impinging jet heat transfer with different working fluids and under various boundary conditions. For example, Gherasim et al. [1] highlighted the limitations in the use of Al2O3/water nanofluid in a radial flow configuration due to the significant increase in the associated pumping power. Also, Yang and Lai presented numerical results on confined jets with constant [2] and temperature-dependent [3] properties. Results confirmed the Nusselt number increases with the increase of Reynolds number and nanoparticle volume fraction and the increase in pressure drop. Furthermore, temperature-dependent thermophysical properties of nanofluids were found to have a marked bearing on the simulation results.Manca et al. [4] numerically investigated the confining effects on impinging slot jets in the turbulent regime, such as for Reynolds numbers, ranging from 5000 to 20000. They adopted the single-phase approach in order to describe the Al2O3/water nanofluid behaviour for particle concentrations up to 5%. A significant enhancement in terms of convective heat transfer coefficients was evaluated for high particle volume concentrations as well as an increase of required pumping power.
To our knowledge, there exists relatively sparse numerical data regarding the heat transfer performance of nanofluids turbulent flow under the geometrical configu-
Geometrical Configuration
An axisymmetric turbulent confined jet impinging on a flat plate with constant heat flux has been analyzed numerically. A geometrical configuration used in the analysis is shown in Figure 1 . Because of axisymmetric, simulation of only a half-domain is adequate for complete characterization of the flow. The jet orifice diameter D is 2mm. The geometrical configuration has a radius R equal to 16 mm and the nozzle-to-plate distance H/D ranging from 1 to 5.
Mathmatical Method

Mixture Model
For incompressible steady flow, the continuity equation for the mixture is:
The momentum equation for the mixture can be expressed as:
The energy equation for the mixture is: 
The slip of the secondary dispersed phase relative to continuous phase is calculated by balancing the drag and body forces resulting from density differences. The relative velocity sp v → is defined as the velocity of the seconddary phase relative to the primary phase velocity.
The drift velocity is related to the relative velocity:
The relative velocity is calculated by:
where s d is the diameter of the particles of secondary phase and a → is the secondary phase particle acceleration. The drag function D f is given by:
There are several correlations that fit the drag coefficient as a function of Reynolds number available in the literature. The general form used in this study is given by:
Re Re
where a 1 , a 2 and a 3 are sets of constants that apply over various range of Reynolds number.
The acceleration a → is given by:
From the continuity equation for the secondary phase, the volume fraction equation for the secondary phase is:
Turbulence Modeling
Previous studies have shown that the heat transfer simulation of turbulent confined jet flow configuration is quite complex. A suitable turbulence model is required to predict the flow and thermal structure with reasonable accuracy. This is required to minimize the error associated with turbulence modeling and enables the investigation of the mixture model. A comparison between the results obtained by using different turbulence models has shown that a k-ω based shear stress transport (SST) model developed by Menter [8] is the appropriate model to determine the local wall Nusselt number for this kind of flow configuration. The k-ω SST model include the addition of a cross-diffusion term in the ω equation and a blending function to ensure that the model equations behave appropriately in both the near-wall and far-field zones. It has been shown to be quite adequate for applications with separating flows. This turbulence model is used in the present work. The transport equations for
In Eqs. (16) and (17), G k represents the generation of the turbulent kinetic energy k, due to mean velocity gradients, and G ω represents the generation of the specific dissipation rate ω. Y k and Y ω represents the dissipation of k and ω due to turbulence. D ω is a cross-diffusion term .
Boundary Conditions
The boundary conditions are expressed as follows:
Inlet section: Uniform temperature equal to 300K and different uniform velocities, corresponding to Reynolds number ranging from 5000 to 30000 are considered. Furthermore, the inlet turbulence intensity value is set to 2%.
Outlet section: pressure outlet boundary condition is specified.
Bottom wall: The no-slip boundary condition is imposed on the target plate that is kept at constant heat flux of 5 x 10 5 W/m 2 . Upper wall: The no-slip boundary condition is imposed on the confinement surface that is considered to be an adiabatic wall.
The axis-symmetric boundary condition is applied along the line of axis-symmetric. The working fluid is water or a mixture of water and Al 2 O 3 nanoparticles at different volume fractions equal to 1, 3 and 5%.
Physical Properties of Nanofluids
The following equations are used to evaluate the effecttive properties of the nanofluid.
Density: 
Dimensionless Parameters
The dimensionless parameters considered here are:
The local Nusselt number distribution is averaged to obtain an average Nusselt number. The average Nusselt number is defined as
(24)
Numerical Procedure
The computational fluid dynamic code FLUENT was employed to solve the present problem. The governing equations of continuity, momentum and energy were solved by the finite volume method. A QUICK scheme is chosen for momentum and energy equations. The SIM-PLE algorithm was chosen as scheme to couple pressure and velocity. The discretization grid is finer near the wall where the velocity and temperature gradients are signifi-cant. The convergence criteria of 10 -5 for the residuals of the velocity components and of 10 -6 for the residuals of the energy are specified.
Results and Discussion
The local Nusselt number distributions for H/D= 2 are shown in Figure 2 . The local Nusselt numbers at the first peaks (Nu 1st ) are approximately 7% -10% higher than the stagnation point values (Nu 0 ) for all the cases considered in the paper. The first peak values of the 8% nanofluid jet are about 5% -6% higher than the stagnation point values of the water jet. However, the local Nusselt numbers at the second peaks (Nu 2nd ) are approximately 2% -14% less than the stagnation point values. The ratio of Nu 2nd /Nu 1st is weakly dependent on the jet Reynolds number. These results indicate that the heat transfer mechanism between these two peaks is nearly independent of the jet Reynolds number. The first peaks in local Nusselt number distributions corresponding to the maximum heat transfer rates occur at r/D~0.5 of the orifice nozzles. The first peak is strongly attributed to the high turbulence intensity at the nozzle edge. The secondary peaks occur in the range of 1.4<r/D<1.9 for all nozzle configurations and Reynolds numbers tested.
The local heat transfer distributions for the nozzleto-plate spacing of H/D = 5 are shown in Figure 3 . The local Nusselt numbers decrease monotonically and do not show the secondary maxima at all. For all the cases conducted in the paper, the local heat transfer distributions show nearly similar shapes in the wall jet region. In the stagnation region, the 5% nanofluid jets have higher heat transfer rates than the other jets. Nusselt numbers of the 5% nanofluid jet are approximately 7-9% higher than those of the water jet. Furthermore, in the transition and wall jet regions, the local heat transfer rates of the nanofluid jet with different volume fraction of nanoparticles are higher than the pure water jet. For high H/D values, local Nusselt number decreases more slowly than high H/W ratios. The effects of volume fraction of nanoparticles on the stagnation point heat transfer are shown in Figure 4 and Figure 5 as function of jet Reynolds number. It is shown how the variation of nanofluid concentration affects the heat transfer. The Reynolds number dependency of the 5% nanofluid jet is larger than that of the water jet at H/D = 2. The effect of volume fraction of nanoparticles on the stagnation point heat transfer is more sensible at shorter nozzle-to-plate spacing. The present Nu 0 data of the 5% nanofluid jet for H/D = 2 are about 10% -15% higher than that of the water jet. These heat transfer enhancements are attributed to the larger velocity gradient and higher thermal conductivity of the nanofluid jet for all nozzle-to-plate spacings.
The average Nusselt number profiles as function of Re are depicted in Figure 6 and Figure 7 for H/D = 2 and 5, respectively. Profiles increase as Re increases for all the considered cases. It is observed that as volume fraction of nanofluid increases Nu avg becomes higher for a fixed value of Re. A significant heat transfer enhancement is found for the 5% nanofluid jet. It is shown that the average heat transfer rate of the 5% nanofluid jet is about 15% higher than that of the water jet at H/D = 2 for Re = 30000. This indicates that the jet with low volume fraction of nanoparticles is useful for heat transfer enhancement in the confined jet impingement configuration under turbulent flow regime. 
Conclusion
A numerical simulation on confined impinging circular jet working with a mixture of water and Al 2 O 3 nanoparticles is investigated. The flow is turbulent and a constant heat flux is applied on the heated plate. A two-phase mixture model approach has been adopted. The results show that the present Nu 0 data of the 5% nanofluid jet are about 10-15% higher than that of the water jet. The values of the average Nusselt number increase as the nanoparticle concentration and Reynolds number increase and a maximum increase of 15% higher than that of the water jet are obtained for 5% nanofluid jet.
